Abstract. Glycogen Synthase Kinase-3β (GSK-3β), a serine/threonine protein kinase, has been implicated as a potential therapeutic target in human cancer. The objective of the present study was to evaluate aberrant expression of GSK-3β as a potential biomarker in human breast and head and neck cancers. Nuclear/cytosolic fractionation, immunoblotting and immunohistochemical staining was used to study the expression of GSK-3β in human breast and head and neck cancer. Aberrant nuclear accumulation of GSK-3β in five human breast cancer cell lines was demonstrated and in 89/128 (70%) human breast carcinomas, whereas no detectable expression of GSK-3β was found in benign breast tissue. Nuclear GSK-3β expression was associated with HER-2 positive tumors (P=0.02) and non-triple negative breast carcinomas (P=0.0001), although nuclear GSK-3β was observed in some samples across all breast cancer subtypes. Aberrant nuclear expression of GSK-3β was found in 11/15 (73%) squamous cell head and neck carcinomas, whereas weak or no detectable expression of GSK-3β was found in benign salivary gland and other benign head and neck tissues. These results support the hypothesis that aberrant nuclear GSK-3β may represent a potential target for the clinical treatment of human breast and squamous cell carcinoma.
Introduction
Breast cancer is the second leading cause of cancer death in the US (1) . Squamous cell carcinoma and salivary gland malignancies are common types of head and neck cancer (2) . For advanced or metastatic disease, there are limited acceptable therapeutics options (1, 2) . These types of cancer represent a significant unmet medical need and the identification of new molecular targets and targeted therapies are urgently needed.
Glycogen Synthase Kinase-3 (GSK-3), a serine/threonine protein kinase, has been identified as a regulator of diverse cellular functions (3) . GSK-3α and GSK-3β are two highly homologous forms of GSK-3 in mammals (3) . Historically, GSK-3β had been thought to be a potential tumor suppressor, via suppression of pro-oncogenic molecules such as cyclin D1 (4), β-catenin (5) and c-Myc (6) . However, recent research has implicated GSK-3β as a potential therapeutic target in cancer (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Disruption of the GSK-3β gene in mice resulted in embryonic lethality due to hepatocyte apoptosis copying the mouse phenotype produced by a deletion of genes involved in NF-κB activation (19). These findings suggested a potential link between GSK-3β and NF-κB activation in cancer. NF-κB activation is known to promote human cancer progression, metastasis, and chemoresistance (20, 21) . The exact mechanism by which GSK-3β impacts NF-κB activity is still unclear. However, previous studies suggested that NF-κB might be regulated by GSK-3β at the level of the transcriptional complex in the nucleus (19) . It has been demonstrated that only the active form of GSK-3β accumulates in the nucleus of pancreatic cancer cells and the inhibition of GSK-3β activity depletes this nuclear pool via proteosomal degradation whereas the expression level of cytoplasmic GSK-3β is not changed (10) . In human leukemia cells, GSK-3β inhibition leads to the depletion of GSK-3β from the cancer cell nucleus and abrogated NF-κB binding to promoters on its target genes XIAP and Bcl-2, in part through modification of histones, leading to a decreased expression of these molecules (11).
These studies have led to a hypothesis that nuclear GSK-3β may be the actual target for GSK-targeting therapy. Here, our results have identified aberrant nuclear GSK-3β expression as a potential biomarker for breast and squamous cell carcinomas of the head and neck. Small molecule inhibitors of GSK-3 are currently in clinical development for the treatment of human cancer and other diseases (22) (23) (24) . The clinical utility of nuclear GSK-3β expression as a biomarker of breast and squamous cell carcinoma of the head and neck remains to be established. However, nuclear GSK-3β expression may represent a novel enrichment marker for selecting patients most likely to benefit from GSK-3-targeted therapy, such as 9-ING-41.
Materials and methods
Immunohistochemical staining. Immunohistochemical (IHC) staining was performed on paraffin sections of three tissue microarrays (TMA) representing 128 cases of human breast cancer (BioChain Institute Inc., Newark, CA, USA; TMA maps https://www.biochain.com/wp-content/uploads/datasheet/Z7020005-B410018.pdf and https://www.biochain. com/wp-content/uploads/datasheet/T8235721-2-B904111.pdf) and 48 cases of benign and malignant tumor tissues of the neck, oranasopharynx, larynx and salivary glands (BioChain Institute Inc.; TMA map https://www.biochain. com/wp-content/uploads/datasheet/Z7020051-B508149.pdf). TMA sections were deparaffinized, and antigen retrieval was carried out in citric buffer in microwave for 10 min. The sections were incubated in 1% hydrogen peroxidase for 10 min to quench endogenous tissue peroxidase. TMA sections were then incubated with the anti-GSK-3β antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4˚C. The slides were stained using a standard EnVision+ System-HRP kit (Agilent Technologies, Inc., Santa Clara, CA, USA) according to the manufacture's protocol. Immunohistochemical reactions were developed with diaminobenzidine as the chromogenic peroxidase substrate, and slides were counterstained with hematoxylin. Negative control samples included replacement of the primary antibody with nonimmune IgG1 (Agilent Technologies, Inc.). We defined GSK-3β nuclear accumulation as positive staining of >50% of cancer cell nuclei throughout the tumor sample regardless of cytoplasmic staining.
Cell lines, immunoblot analysis and antibodies. Breast cancer cell lines MCF7, MDA-MB-231, SKBR3 and GILM2 were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). For immunoblots, cells were lysed as described previously (7) . Nuclear/cytosolic fractionation was performed using the Dignam method (25) . Protein sample concentration was determined by Bradford protein assay and equal amounts (50 µg nuclear or cytosolic protein extract) of protein were loaded in each well of a SDS-polyacrylamide gel. Cell extracts were separated by 10% SDS-PAGE, transferred to PVDF membranes, and probed as indicated. The following antibodies were used for immunoblot analysis: GSK-3β (cat. no. 12456; Cell Signaling Technology, Inc.); and histone H3 (cat. no. ab1791; Abcam, Cambridge, MA, USA). Bound antibodies were detected as described previously (7). Because nuclear/cytosolic fractionation can be performed only using freshly resected human tumor samples which were not available for this study, we analyzed expression of GSK-3β by IHC staining in formalin-fixed paraffin-embedded human tumor sections in vivo and by nuclear/cytosolic fractionation and western immunoblotting in cancer cell lines in vitro.
Statistical analysis. Associations between GSK-3β immunohistochemical staining and clinicopathological parameters were analyzed using Fisher's exact test. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using GraphPad Prism v6.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
Results

Aberrant nuclear expression of GSK-3β in breast cancer cells.
Recently, GSK-3β has been credentialed as a potential therapeutic target in human breast cancer (26) (27) (28) . Here, we used immunohistochemical staining to analyze the expression and subcellular localization of GSK-3β in 128 primary breast carcinomas (Table I) . Of 128 breast carcinomas analyzed, 89 (70%) showed aberrant nuclear expression of GSK-3β (Table I, Figs. 1 and 2A). Nuclear GSK-3β expression was most strongly associated with HER-2 positive tumors (P<0.05) and non-triple negative breast carcinomas (P<0.05), although nuclear GSK-3β was observed across all breast cancer subtypes (Table I ). In addition, we found nuclear expression of GSK-3β in primary tumors and corresponding lymph node metastases obtained from 8 breast cancer patients (4 cases were ER+/PR+/HER2+ and 4 cases were ER-/PR-/HER2-according to the information obtained from patient's pathology report) ( Fig. 2B and C) . We did not observe GSK-3β nuclear accumulation in mammary ducts, glands and other benign cells within a breast tumor (Fig. 1A) . Because it is particularly important to compare expression of GSK-3β in benign structures adjacent to clumps of cancer cells on the same tumor section, we selected such an area of breast carcinoma (Fig. 1A) as a representative picture of nuclear GSK-3β expression in breast cancer cells and hardly detectable cytoplasmic expression of GSK-3β in benign mammary glands. Only cytoplasmic expression of GSK-3β was detected in breast fibroadenomas. Our results suggest that aberrant nuclear accumulation of GSK-3β is a feature of breast cancer cells and therefore might serve as a potential biomarker in human breast cancer. In support of our TMA results, we also found aberrant nuclear accumulation of GSK-3β in a panel of human breast cancer cell lines (Fig. 1B) .
Altered expression of GSK-3β in head and neck tumors.
Head and neck TMA consisted of benign tissues, 17 different benign tumors (nasal polyps, hemangioma, neurofibroma, schwannoma and pleomorphic adenoma) and 29 different malignant tumors including squamous cell carcinoma (15 cases), adenoid cystic carcinoma (5 cases), sarcoma (2 cases), nasopharyngeal carcinoma (1 case), mucoepidermoid carcinoma (1 case), lymphoma (2 cases), metastatic tumors (3 cases). Using immunohistochemical staining, only weak cytoplasmic or no detectable expression of GSK-3β was observed in benign salivary ducts, serous and mucous acini (Fig. 3A) . In great contrast to benign tissue, GSK-3β nuclear accumulation was observed in 11 of 15 (73%) cases of squamous cell carcinoma and in 3 of 5 (60%) cases of adenoid cystic carcinoma (Fig. 3B) . Only cytoplasmic expression of GSK-3β was observed in benign tumors such as neurofibroma (2 cases), schwannoma (2 cases) and nasal polyps (4 cases). However, nuclear accumulation of GSK-3β was observed in 4 of 8 cases (50%) of pleomorphic adenoma, a common benign tumor of salivary gland with malignant potential.
Discussion
GSK-3β has been identified as a positive regulator of NF-κB-mediated survival and chemoresistance of cancer cells (7, (11) (12) (13) . Previous reports demonstrated that GSK-3β positively regulates NF-κB transcriptional activity at a point downstream of the activation of the IkB kinase complex (7), suggesting a potential role for nuclear GSK-3β in the regulation of NF-κB transcriptional activity in the nucleus of cancer cell. It also has been shown that only the active form of GSK-3β accumulates in the nucleus of pancreatic cancer cells and the inhibition of GSK-3β activity depletes its nuclear accumulation via proteosomal degradation (10) . Here, by immunohistochemical staining, we identified aberrant nuclear accumulation of GSK-3β in five breast cancer cell lines and in 89 of 128 (70%) human breast carcinomas, whereas expression of GSK-3β was not detectable in benign breast tissue. Our findings are supported by previously published studies where aberrant GSK-3β nuclear accumulation was found only in pancreatic, renal, and bladder cancer cells, and malignant B-cells but not in corresponding benign cells (10) (11) (12) (13) . These results support the hypothesis that nuclear GSK-3β may represent a potential biomarker of breast cancer cells. Main findings of our study are based on IHC staining of TMAs. Although we haven't performed immunofluorescent staining of breast cancer cells in vitro, we analyzed GSK-3β subcellular localization using nuclear/cytosolic fractionation and Western immunoblotting with proper control represented by Histone H3, a specific marker of nuclear fraction (10) . Our in vitro findings of nuclear GSK-3β expression in breast cancer cell lines are only supportive (not confirmative) for our in vivo findings (IHC staining of TMAs) because in vitro cancer cell culture (monoclonal) cannot truly represent heterogenous human malignant tumor in vivo. In a previously published immunohistochemical study of 1686 cases of breast cancer, overexpression of GSK-3β was associated with several indicators of poor prognosis including larger tumor size, lymph node metastasis, high pathological grade, ER-negative disease, PR-negative disease, increased proliferation and HER2 overexpression (27) . Moreover, breast cancer patients with GSK-3β Table I . Association between GSK-3β nuclear expression and clinicopathological characteristics in primary breast carcinoma. expression in the highest quartile (246 of 1,686 cases) had a 2.7-fold increased risk of distant relapse 5 years after tumor resection (27) . This study did not differentiate between nuclear and cytoplasmic expression of GSK-3β but is consistent with previously published findings showing that GSK-3β nuclear expression was associated with high-grade tumors (pancreatic and bladder cancer), metastasis (bladder cancer), and poor prognosis (bladder cancer) (10, 12, 13) . From a technical perspective, nuclear accumulation of GSK-3β might be overlooked in the presence of cytoplasmic GSK-3β overexpression and/or heavy counterstaining with hematoxylin. The dark blue staining of cancer cell nuclei by hematoxylin using standard techniques (standard staining time is 5-8 min) might mask light brown nuclear GSK-3β staining. In this study, we optimized the hematoxylin counterstaining step to decrease the intensity of hematoxylin nuclear staining by exposing the GSK-3β-stained TMA to hematoxylin for 10 sec in order to maximize the differentiation of the nuclear GSK-3β signal. Because squamous cell carcinoma (common type of head and neck cancer) is a very rare histological type of breast cancer, Figure 1 . GSK-3β is aberrantly accumulated in the nucleus of breast cancer cells. (A) Representative image of GSK-3β expression and localization in primary breast carcinoma and adjacent benign breast tissue. Nuclear GSK-3β is expressed selectively in breast cancer cells. Scale bar, 50 µm. (B) Nuclear and cytosolic protein extracts were prepared from breast cancer cell lines, 50 µg of nuclear and cytosolic proteins were separated by SDS-PAGE, transferred to PVDF membrane, and immunoblotted as indicated. GSK-3, Glycogen Synthase Kinase-3.
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we complemented our findings in breast cancer with the results of GSK-3β staining of head and neck TMA to explore aberrant expression of GSK-3β mainly in squamous cell carcinomas. Whereas only weak cytoplasmic or no detectable expression of GSK-3β was observed in benign salivary ducts, serous and mucous acini, GSK-3β nuclear accumulation was observed in 11 of 15 (73%) cases of squamous cell carcinoma and in 3 of 5 (60%) cases of adenoid cystic carcinoma. Although we cannot draw a statistically significant conclusion due to the limited number and different histotypes of head and neck malignant tumors, we believe that it is important to present our initial findings showing aberrant nuclear GSK-3β expression in head and neck cancer (with focus on squamous cell carcinoma) but not in benign tissues. This is the first exploratory IHC study to evaluate aberrant GSK-3β expression in head and neck tumors. Further larger scale studies of GSK-3β expression in head and neck cancer would warrant a meaningful statistical analysis to find a correlation of aberrant GSK-3β expression and clinicopathological parameters.
One of our translational goals was to evaluate aberrant GSK-3β expression in breast and head and neck tumors as a potential biomarker for selection of cancer patients for clinical trials of GSK-3 inhibitors. To the best of our knowledge, our study is the first to demonstrate aberrant nuclear expression of GSK-3β as a specific marker of cancer cells in breast adenocarcinoma and malignant head and neck tumors (squamous cell and adenoid cystic carcinomas). To extend our initial findings to the clinic, we are planning to evaluate GSK-3β expression in tumor tissues obtained from cancer patients in Phase I/II clinical trials of the GSK-3 inhibitor 9-ING-41. After administration of 9-ING-41 to these patients and subsequent evaluation of treatment response, we will evaluate the clinical utility of nuclear GSK-3β as a potential biomarker for selection of breast and head and neck cancer patients for GSK-3-targeted therapy for prospective clinical trials using paired biopsy samples.
Several reports have shown overexpression of GSK-3β protein levels in malignant tumors of different origin. GSK-3β is weakly expressed in the cytoplasm of benign cells and is rarely detectable in the epithelial cells of benign prostatic tissue whereas cytoplasmic overexpression of GSK-3β was associated with aggressive prostate cancer (29) . Using Western blotting, a significant increase of GSK-3β protein expression was found in ovarian adenocarcinomas compared with normal ovaries and benign adenomas/borderline tumors (30) . Another study demonstrated that the level of GSK-3β protein expression was significantly higher in colorectal carcinoma tissue than in their normal counterparts (18 of 20 cases), whereas inactive phosphorylated Ser9 GSK-3β was detected in higher levels in normal tissue than in tumors in 17 of 20 cases (8) . Recent studies showed that overexpression of GSK-3β protein or its activation were associated with adverse prognosis in patients with glioblastoma (16), lung cancer (31, 32) , and gastric cancer (33) . We found only weak cytoplasmic GSK-3β expression in salivary ducts, whereas GSK-3β staining was hardly detectable in serous and acinar cells. A significant finding of the present study is the presence of aberrant nuclear accumulation of GSK-3β in cancer cells in most cases of breast adenocarcinomas and squamous cell carcinomas. Our results are consistent with another published study showing aberrant nuclear GSK-3β as a specific marker of pancreatic cancer cells whereas nuclear GSK-3β was not detectable in acinar or epithelial pancreatic cells or in PanIN (pancreatic intraepithelial neoplasia) lesions (10) . GSK-3β protein nuclear accumulation has also been found in colon (34) , bladder (62% non-invasive and 91% invasive) (13) and renal cancer (12) . It has been shown that only the active form of GSK-3β accumulates in the nucleus of pancreatic cancer cells and the inhibition of GSK-3β activity depletes its nuclear accumulation via proteosomal degradation whereas the expression level of cytoplasmic GSK-3β is not changed (10) . It has also been demonstrated that that nuclear GSK-3β plays an important role in regulating histone modifications, which may contribute to NF-κB p65/p50 binding to promoters and activating its target genes in cancer cells, leading to increased cancer cell survival (11) . Based on this published data and the results presented herein, we hypothesize that nuclear GSK-3β might be the actual target for GSK-3 inhibition in cancer cells, leading to depletion of GSK-3β from the nucleus with a subsequent inhibition of NF-κB-mediated cancer cell proliferation and survival.
There is now extensive data credentialing GSK-3β as a potential anticancer target in human pancreatic, colon, bladder, breast, ovarian, lung, prostate, thyroid and renal cancer, chronic lymphocytic leukemia, glioblastoma, and neuroblastoma (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (26) (27) (28) 31, 32, (35) (36) (37) (38) (39) (40) (41) (42) (43) . Given the broad spectrum potential for a GSK-3 inhibitor in cancer, the identification and validation of patient enrichment biomarkers that select patients most likely to benefit from a GSK-3 inhibitor will be an important component in the clinical development of novel GSK-3 targeted drugs. Our results demonstrate aberrant nuclear accumulation of GSK-3β in a significant number of human breast and squamous cell carcinomas of the head and neck. As IHC staining is an indispensable method for detection of subcellular expression and validation of tumor markers (44, 45) , the utility of nuclear GSK-3β as an enrichment biomarker will be evaluated by IHC staining in clinical studies of the specific small molecule inhibitor of GSK-3, 9-ING-41 (26, 35, 38, 42, 43) .
